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The HtrA surface protease is involved in the virulence of many pathogens, mainly by its role in stress
resistance and bacterial survival. Staphylococcus aureus encodes two putative HtrA-like proteases, referred to
as HtrA1 and HtrA2. To investigate the roles of HtrA proteins in S. aureus, we constructed htrA1, htrA2, and
htrA1 htrA2 insertion mutants in two genetically different virulent strains, RN6390 and COL. In the RN6390
context, htrA1 inactivation resulted in sensitivity to puromycin-induced stress. The RN6390 htrA1 htrA2 mutant
was affected in the expression of several secreted virulence factors comprising the agr regulon. This observation
was correlated with the disappearance of the agr RNA III transcript in the RN6390 htrA1 htrA2 mutant. The
virulence of this mutant was diminished in a rat model of endocarditis. In the COL context, both HtrA1 and
HtrA2 were essential for thermal stress survival. However, only HtrA1 had a slight effect on exoprotein
expression. The htrA mutations did not diminish the virulence of the COL strain in the rat model of
endocarditis. Our results indicate that HtrA proteins have different roles in S. aureus according to the strain,
probably depending on specific differences in the regulation of virulence factor and stress protein expression.
We propose that HtrA1 and HtrA2 contribute to pathogenicity by controlling the production of certain
extracellular factors that are crucial for bacterial dissemination, as revealed in the RN6390 background. We
speculate that HtrA proteins act in the agr-dependent regulation pathway by assuring folding and/or matu-
ration of some surface components of the agr system.

The gram-positive pathogen Staphylococcus aureus is re-
sponsible for a wide variety and intensity of human infections,
ranging from superficial skin and wound infections to deep
abscesses (endocarditis and meningitis), septicemia, or toxin-
associated syndromes (e.g., food poisoning and toxic shock
syndrome) (2, 21). S. aureus is also a leading cause of hospital-
and community-acquired infections, whose treatment is be-
come increasingly difficult due to the emergence of multiple
antibiotic resistance determinants (20). The prevalence of an-
tibiotic resistance, in particular to methicillin and more re-
cently to vancomycin, has stimulated the search for new vac-
cine targets and strategies to prevent staphylococcal infections
(30).

S. aureus virulence involves the temporally coordinated syn-
thesis of a large number of surface and secreted proteins.
Surface proteins (e.g., protein A and fibrinogen-, fibronectin-,
and collagen-binding proteins) mediate bacterial adherence to
host tissues and may facilitate the evasion of host defense
mechanisms (21, 40), and they are mainly synthesized during
the exponential growth phase (40). Secreted exotoxins (e.g.,
hemolysins and enterotoxins [3, 40]) and exoenzymes (e.g.,
coagulase, nuclease, and proteases [2]) are implicated in bac-
terial dissemination and are produced during the postexponen-
tial phase (40). The best-characterized regulator of this tem-
poral program of gene expression is the agr (accessory gene
regulator) quorum-sensing system. agr comprises genes ex-

pressed from two divergent transcripts. The first transcript,
called RNA II, encodes AgrA, AgrB, AgrC, and AgrD. AgrD
is the precursor of the secreted autoinducing peptide (AIP),
which is processed by the transmembrane protein AgrB. AgrC
and AgrA are required for sensing and responding to AIP (41).
AIP activates the AgrC/AgrA two-component system to induce
the transcription of RNA II and a second transcript, called
RNA III. RNA III modulates the production of S. aureus
extracellular proteins at both the transcriptional and posttran-
scriptional levels (41). Another global regulator, the DNA
binding protein SarA (staphylococcal accessory regulator), is
required for maximal agr expression (41). Other regulators of
virulence gene expression, such as the stress response sigma
factor �B (41), act either independently or in synergy with the
agr and sarA regulatory pathways (5, 41).

The ability of S. aureus to cause a multiplicity of infections
depends on the complement of virulence factors present in
infectious strains and, in some cases, on the presence of anti-
biotic resistance markers (11). Variations among strains in
their genome content, corresponding to insertion elements,
transposons, phages, pathogenicity islands, or point mutations
(11), may contribute to the differences in infectivity. In addi-
tion, the orchestration of virulence regulators may differ be-
tween strains, leading to different consequences in the host
(41).

The capacity of Staphylococcus to withstand stress conditions
may contribute to its pathogenicity. Proteases are among the
numerous factors that may be important for bacterial survival
in vivo. Proteases acting in the cytoplasm, such as ClpXP or the
membrane-associated FtsH protein (14, 32), are responsible
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for the degradation of damaged proteins produced during
stress conditions (14, 32). In addition, chaperone activities of
the FtsH and ClpP proteins participate in the quality control of
cytoplasmic (by FtsH and ClpP) and membrane (by FtsH)
proteins (14, 32). FtsH is reportedly needed for virulence
through its involvement in survival under stress conditions
(32). In contrast, Clp proteins were shown to modulate viru-
lence factor expression, which was suggested to be their major
role in S. aureus virulence (14).

The surface serine protease HtrA (high temperature re-
quirement) was first described for Escherichia coli as a house-
keeping protease, and it is the prototype of a highly conserved
family that is present in bacteria, yeasts, plants, and humans. In
E. coli, HtrA is responsible for the degradation of periplasmic
abnormal (51) or damaged proteins produced during thermal
or oxidative stress (31, 47, 51). It also exhibits a chaperone
activity at low growth temperatures (28, 49).

HtrA-like proteases are involved in the virulence of gram-
negative (4, 8, 24) and gram-positive (23, 25) pathogens,
mainly by their role in stress resistance and survival (8, 24, 25).
However, in Streptococcus pyogenes, HtrA reportedly inter-
venes in the processing of an extracellular virulence factor and
in the control of hemolytic activity (33). Many bacteria contain
more than one HtrA homolog, suggesting that a surface pro-
tease may be important for different conditions of bacterial life
(1, 4, 37, 53).

S. aureus encodes two putative HtrA-like surface proteases
(referred to as HtrA1 and HtrA2), as revealed by genome
analyses. Both the htrA1 and htrA2 genes were recently cloned
by use of a conditional expression system into an htrA mutant
strain of Lactococcus lactis (45). Although expression of both

the HtrA1 and HtrA2 proteins was achieved, only HtrA1 con-
ferred protection against thermal stress on the thermosensitive
L. lactis htrA mutant. Interestingly, despite its efficient stress
protection, HtrA1 displayed only a weak protease activity
(HtrA2 displayed essentially no phenotype) when tested
against several substrates. These observations led us to suggest
that in L. lactis, chaperone activity may be a major factor in
stress response protection by HtrA1, and that additional pro-
teins and/or cofactors are required for the protease activities of
both proteins.

For this study, we constructed htrA1 and htrA2 single and
double mutants in two genetically distinct virulent S. aureus
strains, RN6390 and COL. Studies with these mutants showed
that both htrA genes are phenotypically active in staphylococci
but that they have different functions according to the genetic
background of the strains. Although the stress sensitivities of
the two isolates are different, HtrA1 had a more pronounced
role in the stress response than HtrA2 in both strains, and the
double mutants were slightly more sensitive to stress. In addi-
tion, the RN6390 htrA1 htrA2 mutant displayed a general defect
in the expression of secreted virulence factors, including he-
molysins. Its virulence was reduced compared to that of the
wild type (WT) in a rat endocarditis model. Based on these
data, we propose that in the RN6390 context, HtrA proteins
are involved in controlling the expression of crucial secreted
virulence factors that contribute to bacterial dissemination.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used for this study are listed in Table 1. S. aureus strains were grown in
brain heart infusion (BHI) medium with aeration at 37°C or at 30°C for strains

TABLE 1. Strains and plasmids used for this studya

Strain or plasmid Key features Reference

Strains
E. coli TG1 supE hsd �5 thi �(lac-proAB) F� (traD36 proAB-lacZ�M15) 16
S. aureus RN4220 Avirulent mutant of NCTC 8325-4 that accepts foreign DNA 38
S. aureus RN6390 Virulent laboratory strain derived from NCTC 8325 38
S. aureus COL Highly methicillin-resistant clinical isolate 54
S. aureus RN6390 htrA1 RN6390, htrA1::cat Cmr This work
S. aureus RN6390 htrA2 RN6390, htrA2::spc Spcr This work
S. aureus RN6390 htrA1

htrA2

RN6390, htrA1::cat htrA2::spc Cmr Spcr This work

S. aureus RN6911 RN6390, �agr::tet Tetr 39
S. aureus COL htrA1 COL, htrA1::cat Cmr This work
S. aureus COL htrA2 COL, htrA2::spc Spcr This work
S. aureus COL htrA1 htrA2 COL, htrA1::cat htrA2::spc Cmr Spcr This work
S. agalactiae NEM 316 Virulent strain that produces CAMP factor 17

Plasmids
pMAD Eryr Ampr; thermosensitive plasmid in S. aureus derived from

pRN5101 and containing the bgaB gene
M. Débarbouillé et al.,

Pasteur Institute,
personal
communication

pMAD::htrAlimcat pMAD containing an internal fragment of the S. aureus htrA1 gene
interrupted by insertion of a chloramphenicol resistance cassette
(cat); used for construction of the S. aureus RN4220 htrA1 mutant;
Eryr Ampr bgaB

This work

pMAD::htrA2spc pMAD containing the S. aureus htrA2 gene interrupted by the insertion
of a spectinomycin resistance cassette; used for construction of the
S. aureus RN4220 htrA2 mutant; Eryr Ampr bgaB

This work

a See Materials and Methods for intermediate strain and plasmid constructions.
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harboring thermosensitive plasmids. E. coli TG1, which was used for cloning
experiments, was grown aerobically in Luria-Bertani broth at 37°C. The Strepto-
coccus agalactiae NEM 316 strain (17), which was used for the CAMP test, was
grown as a static culture on BHI medium at 37°C. For solid media, 1.5% agar
(Biokar) was added to BHI or Luria-Bertani medium. Antibiotics were added to
the media as needed at the following concentrations: chloramphenicol, 5 �g/ml
(or 2.5 �g/ml when spectinomycin was present) for S. aureus and 10 �g/ml for E.
coli; spectinomycin, 100 �g/ml (or 50 �g/ml when chloramphenicol was present)
for S. aureus and 40 �g/ml for E. coli; and erythromycin (ERY), 2 �g/ml for S.
aureus and 75 �g/ml for E. coli. X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside; Euromedex) was added as needed to BHI plates at a final concen-
tration of 60 �g/ml. For the CAMP test, 5% defibrinated sheep blood (Bi-
omerieux) was added to BHI agar medium.

For stress studies, staphylococcal cultures were prepared as follows. Overnight
cultures in BHI medium were diluted 100-fold in the same medium and culti-
vated at 37°C. At an optical density of 600 nm (OD600) of �0.3, the cultures were
diluted in peptone water (1 g of Bacto Peptone [Difco] per liter in water) and
dilutions were spotted onto BHI plates containing or not containing the follow-
ing products: puromycin (between 8 and 12 �g/ml), H2O2 (between 0.5 and 2
mM), D-cycloserine (between 50 and 125 �g/ml), bacitracin (2 U/ml), and ox-
acillin (between 0.05 and 0.5 �g/ml for RN6390 derivatives). The plates were
incubated at 37°C for 24 h before colony count determinations. For heat shock
experiments, cells were plated on nonselective BHI medium and incubated at 37,
44, or 45°C for 24 h.

DNA manipulations. Plasmid and chromosomal DNA preparations, PCR am-
plifications, and DNA modifications were performed according to commonly
used techniques or suppliers’ instructions. Lysis of S. aureus cell suspensions was
achieved by treatment with 100 �g of lysostaphin (Sigma)/ml for 1 h at 37°C,
followed by standard methods for DNA preparation. DNA transformation was
performed by the CaCl2 method for E. coli (46) and by the electroporation
method using HEPES for S. aureus (27). Transduction was performed as de-
scribed previously (12) by use of the �80	 or �11 phage (kindly provided by
Olivier Chesneau, Pasteur Institute, Paris, France).

Construction of double-crossover htrA mutants in S. aureus RN4220. Strain
htrA1::cat, in which the chromosomal htrA1 gene (�1.3 kb) was interrupted by a
CHL resistance marker (cat), was constructed as follows. An �1.1-kb internal
fragment of the htrA1 gene was amplified from S. aureus strain RN6390 with the
forward primer A1-5� (5�-CCAAACACCTAGATACAGAAGACC-3�) and the
reverse primer A1-3� (5�-CCATCACGGATAACGGTAACAG-3�). The PCR
fragment was cloned into the pCRII-TOPO vector (TOPO TA cloning kit;
Invitrogen) according to the instructions in the kit’s manual, resulting in the
plasmid pTopo::htrA1int (“int” stands for “internal fragment”). The �1.5-kb cat
gene was amplified from the pC194 plasmid (22) with the primers CAT1 (5�-G
GGGGTTACCGCACAGACAGGACAAAATCG-3�), containing a BstEII site
(underlined), and CAT2 (5�-GGGCGTACGGGGTTCCGAGGCTCAACGTC-
3�), containing a BsiWI site (underlined). An �60-bp fragment was deleted from
the htrA1int fragment of pTopo::htrA1int after digestion by BstEII and BsiWI and
was replaced with the cat gene digested by the same enzymes. The resulting
plasmid, pTopo::htrA1intcat, was then digested with EcoRI; the htrA1intcat frag-
ment was purified and cloned into EcoRI-treated pMAD (M. Débarbouillé,
personal communication) to generate pMAD::htrA1intcat. pMAD contains the
thermosensitive pE194-based origin of replication (from pRN5101) and the bgaB
�-galactosidase (�-Gal) gene, which permits easy detection on X-Gal plates of
transformants that have lost the plasmid vector through a double-crossover
event. The pMAD::htrA1intcat plasmid was isolated from E. coli TG1 and intro-
duced by electroporation into the S. aureus RN4220 strain, and transformants
were selected at the permissive temperature (30°C) for ERY resistance. The
chromosomal htrA1 inactivation was obtained by use of a positive transformant as
follows. An overnight preculture grown at 30°C in BHI medium containing ERY
was diluted 100-fold in the same medium without selection. The cells were grown
at 30°C for 1 h and then shifted to the nonpermissive temperature of 42°C (6 h)
to permit plasmid integration into the chromosome by homologous recombina-
tion. Integrants containing the first recombination event were selected at 42°C by
their ERY resistance. For selection of the second recombination event, an
overnight 42°C culture of a single-crossover mutant grown in the presence of
ERY was diluted 1,000-fold in BHI medium without selection and then culti-
vated at 30°C for 6 h to facilitate excision of the plasmid. Cultures were plated
at 42°C on BHI medium containing chloramphenicol. After 48 h, Cmr clones
were verified for Cmr Erys and �-Gal-negative phenotypes. Correct htrA1 gene
inactivation was confirmed by PCR and Southern blotting.

Strain htrA2::spc, in which the chromosomal htrA2 gene (�2.3 kb) was inter-
rupted by a SPC resistance marker (spc), was constructed as follows. The �1.2-kb
spc gene was amplified from a derivative of pIC333 (50) with the forward primer

SaSpc1-5� (5�-GGGGGGATCCCATATGTCACCTAGATCCTTTTGACTC-
3�), containing an NdeI site (underlined), and the reverse primer SaSpc3-3�
(5�-ACGAGGGTCGACCCCGGGACAAATTGTTTCACTAAATTAAAG-
3�), containing a SmaI site (underlined). The pTopo::htrA2 plasmid (45) contain-
ing the htrA2 gene was first digested with AccI, blunted, and then digested with
NdeI. These digestion reactions resulted in an �955-bp internal deletion of
htrA2, which was replaced with the spc PCR fragment after digestion by NdeI and
SmaI. The resulting plasmid, pTopo::htrA2spc, was then digested with BamHI;
the htrA2spc fragment was purified and cloned into BamHI-treated pMAD to
generate pMAD::htrA2spc. As with the htrA1 mutant construction, the plasmid
pMAD::htrA2spc was extracted from E. coli TG1 and introduced by electropo-
ration into S. aureus RN4220. Transformants were selected at 30°C by their ERY
resistance. An overnight culture at 30°C of a positive transformant in BHI
medium containing ERY was diluted 100-fold in the same medium without
selection, and the cells were grown at 30°C for 1 h prior to a 6-h shift at 42°C. In
this case, a double-crossover mutant of htrA2 was obtained directly by selecting
integrants at 42°C on BHI plates containing both spectinomycin and X-Gal after
48 h. Spcr and �-Gal-negative integrants were tested for ERY sensitivity. Inac-
tivation of the chromosomal htrA2 gene was confirmed by PCR and Southern
blotting.

Protein extract preparation, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), Western blotting, and protein identification. Over-
night cultures of staphylococcal strains in BHI medium were diluted in the same
medium and grown at 37°C. Cell and supernatant protein extracts were prepared
from cells that were harvested at different optical densities, as described for L.
lactis by Poquet et al. (42), except that lysostaphin (100 �g/ml) was used instead
of lysozyme and incubations (1 h) were performed at 37°C prior to lysis with SDS.
For each sample, equivalent protein amounts were loaded into SDS–15% poly-
acrylamide gels. A molecular marker (prestained protein molecular weight mark-
er; Fermentas) was loaded in all gels. For Western blotting experiments, proteins
were transferred from gels to polyvinylidene difluoride membranes (Millipore).
Immunoblotting was performed (46) with anti-HtrA1 and anti-HtrA2 polyclonal
antibodies (45) at a 1:1,000 dilution or with the anti-Nuc (staphylococcal nucle-
ase) monoclonal antibody 2F11 (Bionor, Skien, Norway) at a 1:5,000 dilution.
Immunodetection was performed with a protein G-horseradish peroxidase con-
jugate (Bio-Rad) for polyclonal antibodies or with a goat anti-mouse immu-
noglobulin G–horseradish peroxidase conjugate (Bio-Rad) for the anti-Nuc
monoclonal antibody, followed by revelation with the Western Lightning chemi-
luminescence reagent (Perkin-Elmer) according to the supplier’s protocol. Pro-
tein profiles were compared after the gels were stained with Coomassie blue
(Fulka). Protein bands whose intensities clearly differed between the WT and
htrA mutant profiles were excised. Gel plugs were subjected to matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS)
analysis conducted by A. Guillot and C. Henry (INRA).

CAMP test. Overnight staphylococcal WT and htrA mutant strain cultures
were tested for �-hemolysin activity as described previously (15). Briefly, strains
were streaked on 5% sheep blood-BHI-agar plates perpendicular to, but not
touching, a streak of the CAMP factor-producing S. agalactiae NEM 316 strain.
The plates were incubated for 24 h at 37°C, and hemolytic activity was detected.
A CAMP test was considered positive when hemolysis was enhanced at the
junction between the staphylococcal and streptococcal growth areas, resulting
from the synergic lysis of erythrocytes by the interaction of the diffused CAMP
factor of S. agalactiae and the �-hemolysin secreted by S. aureus.

RNA extraction and Northern blot analysis. Total RNAs were extracted as
described previously (13) from late-exponential-phase cultures (OD600 of �1.5)
of staphylococcal strains. RNA electrophoresis and Northern blot experiments
were performed as described previously (46). Briefly, 100-�g samples of total
RNA from each strain were denatured and separated in 1% agarose gels. An
RNA ladder (High Range; Fermentas) was used for size determination. After
migration, the samples were transferred to a nylon membrane (Positive Tm;
Qbiogen). Hybridization (42°C) with a probe and ECL detection were performed
by use of a direct labeling and detection system (Amersham). For the probe, we
used an internal fragment of the RNA III coding region, which was amplified by
PCR from S. aureus strain RN6390 with the forward primer RNA III-1 (5�
CAGAGATGTGATGGAAAATAGTTG3�) and the reverse primer RNA III-2
(5� ATTAAGGGAATGTTTTACAGTTATT 3�).

Experimental endocarditis. Catheter-induced aortic vegetation in the aortic
valve was produced in rats as previously described (19, 36, 44). Groups of animals
were inoculated 24 h after catheterization by intravenous injection of 0.5 ml of
saline containing either of two bacterial inocula (103 or 104 CFU/ml) of the
RN6390 or COL WT strain from exponential-growth-phase (OD600 
 0.6) cul-
tures. These titration experiments were used to determine the minimal inoculum
of these organisms required to cause endocarditis in �50% of animals. The
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infectivities of the htrA mutants were then compared with those of the WT strains
by injecting the same number of CFU into animals. The animals were sacrificed
16 h after bacterial challenge, and bacterial enumerations of vegetation, spleen,
and blood cultures were performed. Statistical differences in the rates of tissue
infection were evaluated by the Fisher exact test. Differences between median
bacterial densities in infected tissues were analyzed by the Mann-Whitney test.
Data were considered significant when P values were �0.05 by use of two-tailed
significance tests.

RESULTS

Construction of htrA double-crossover mutants in two viru-
lent S. aureus strains. We first constructed derivatives of the
avirulent S. aureus RN4220 strain in which the htrA1 or htrA2

chromosomal gene was inactivated by the insertion of CHL
and SPC resistance cassettes, respectively (see Materials and
Methods). The htrA1 and htrA2 mutations were then trans-
ferred into two virulent strains, RN6390 and COL, by bacte-
riophage transduction. The double mutant htrA1 htrA2 was
similarly constructed in both strains. Gene inactivation was
confirmed by Southern blotting, and the absence of the HtrA1

and HtrA2 proteins was verified by Western blotting with anti-
HtrA1 and anti-HtrA2 polyclonal antibodies (data not shown)
(45).

The use of two strains to examine the roles of htrA genes was
motivated by the reported differences between virulent strains.
RN6390 is a methicillin-sensitive strain derived from strain
NCTC 8325. It carries a deletion in rsbU, which encodes a
positive regulator that is crucial for activation of the stress
response factor �B (29). In contrast, COL is resistant to meth-
icillin, with a functional �B pathway (55). These two strains
differ in extracellular protein expression, especially in the ex-
pression of virulence factors (55), among which are major
secreted proteases (26). Extracellular protease expression is
negatively regulated by �B-dependent expression of the sarA

repressor gene (26). Therefore, extracellular protease expres-
sion in COL is low, presumably via �B up-regulation of the
SarA repressor. In contrast, the rbsU-deficient RN6390 strain
is deregulated for protease expression (26). We reasoned that
in the COL background, the chance was lower that HtrA de-
ficiencies would be complemented by other extracellular pro-
teases.

Growth of RN6390 and COL is not affected by htrA gene dis-
ruption under nonstress conditions. We compared the growth
of the WT, htrA1, htrA2, and htrA1 htrA2 strains of RN6390 and
COL in aerated BHI medium at 37°C (data not shown). The
htrA single and double mutants showed growth characteristics
that were essentially identical to those of their respective WT
parents. This result shows that under these conditions, htrA
genes are not needed for growth, and further indicates that the
htrA phenotypes described below did not result from slow
growth.

Effects of htrA1 and htrA2 inactivation on growth under
stress conditions differ between the RN6390 and COL strains.
The ability of the staphylococcal htrA mutants to survive under
temperature, puromycin, antibiotic, or peroxide stress condi-
tions was examined. Strain-specific differences were observed
under temperature and puromycin stress conditions. In the
RN6390 context, htrA1, htrA2, and htrA1 htrA2 mutant strains
grew as well as the WT at both 44°C (Fig. 1) and 45°C (data not
shown). Thus, neither HtrA1 nor HtrA2 is indispensable for
high-temperature resistance in the RN6390 background. How-
ever, in the presence of puromycin (which generates truncated
proteins during biosynthesis [18]), the viability of the htrA1

mutant was �10-fold lower than that of the WT, whereas the
htrA2 mutant grew as well as the WT strain (Fig. 1). The double
mutant showed a slightly higher puromycin sensitivity than the
single htrA1 mutant. These results indicate that HtrA1 is in-

FIG. 1. Implication of HtrA1 and HtrA2 proteins in growth of S. aureus RN6390 and COL virulent strains under high-temperature and
puromycin stress conditions. Cultures of RN6390 or COL WT, htrA1 (A1), htrA2 (A2), and htrA1 htrA2 (A1A2) strains were grown in BHI medium
at 37°C. At an OD600 of �0.3, the cultures were diluted 10-fold from nondiluted (ND) to 104, and 10 �l of each dilution was spotted onto BHI
plates without selection or with 8 �g of puromycin/ml. The plates were incubated at 37 or 44°C. Similar results were obtained for three independent
experiments.
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volved in the removal of truncated exported proteins and that
HtrA2 may compensate slightly for the lack of HtrA1 function.

The opposite results were observed in the context of the
virulent COL strain (Fig. 1). Compared to the case for the WT
strain, the inactivation of htrA1 or htrA2 resulted in an �104- or
103-fold lower viability at 44°C, respectively, indicating that
both HtrA1 and HtrA2 are crucial for growth at high temper-
atures. A �104-fold lower viability was observed for the htrA1

htrA2 double mutant. The growth of htrA mutants in the COL
background was unaffected by the addition of puromycin (at 8
�g/ml [Fig. 1] or at higher concentrations [data not shown]).
Interestingly, under stress conditions to which they were sen-
sitive, the mutants showed confluent spots but did not give
single colonies upon dilution. This may suggest that a high cell
density confers a protective effect that is lost upon dilution.

HtrA is needed for bacterial survival under oxidative stress
conditions for many bacteria (8, 24). We compared the viabil-
ities of WT RN6390 and COL and their htrA mutants in the
presence of different H2O2 concentrations. In these genetic
backgrounds, htrA single or double mutations had no effects on
survival (data not shown), indicating that neither HtrA1 nor
HtrA2 is required for the H2O2 stress response.

A recent transcriptome study showed that the expression of
htrA1 mRNA was induced when S. aureus was treated with
cell-wall-active antibiotics, such as oxacillin, bacitracin, and
D-cycloserine (52). We tested the growth of strain RN6390 and
its htrA mutants in the presence of the three antibiotics and the
growth of COL and its htrA mutants in the presence of baci-
tracin and D-cycloserine (COL is naturally resistant to oxacil-
lin) at different concentrations. No difference in growth that
was attributable to htrA was observed for either strain back-
ground (data not shown), indicating that neither gene is essen-
tial for survival against cell wall antibiotic treatments.

The results described above indicate that HtrA1 (for both
strains) and HtrA2 (in the case of COL) are implicated in the
stress response but that their roles differ according to the strain
background.

Expression of several secreted virulence factors is dimin-
ished in the RN6390 htrA1 htrA2 mutant strain. HtrA1 and/or
HtrA2 involvement in the expression of exported virulence
factors was examined. Protein extracts were prepared from
cells (to analyze possible surface protein differences) and cul-
ture supernatants of mid-exponential-phase or overnight cul-
tures of WT RN6390 and COL and their htrA1, htrA2, and
htrA1 htrA2 mutant strains. Protein profiles of mid-exponential-
phase growing cultures analyzed by SDS-PAGE were essen-
tially the same for each WT strain and its mutant derivatives
(data not shown). This was also the case for cell fraction pro-
files from overnight cultures (data not shown), although the
resolution by SDS-PAGE is likely to mask differences. In con-
trast, an analysis of stationary-phase supernatant proteins did
reveal differences in both the RN6390 (Fig. 2A) and COL (Fig.
2B) backgrounds. As previously described (55), the exoprotein
profiles of the RN6390 and COL strains are markedly differ-
ent. In the COL extracts (Fig. 2B), we observed reproducible
variations in the intensities of five bands in the htrA1 and htrA1

htrA2 mutant strains compared to the WT. The htrA2 mutant
exoprotein profile was similar to that of the WT. A dramatic
change was observed in the RN6390 context, in which numer-
ous extracellular proteins essentially disappeared in the htrA1

htrA2 double mutant extract (Fig. 2A). The absence of these
highly expressed proteins from the supernatant did not seem to
be compensated by the appearance of bands in the cell fraction
(although differences may have been masked by the cytoplas-
mic protein profile), which suggests that these proteins or their
precursors do not accumulate intracellularly or in the mem-

FIG. 2. SDS-PAGE analysis of secreted proteins extracted from stationary-phase cultures of RN6390 and COL strains. Cultures of RN6390 or
COL WT, htrA1 (A1), htrA2 (A2), and htrA1 htrA2 (A1A2) strains were grown in BHI medium overnight at 37°C. Cell (data not shown) and
supernatant proteins were extracted from RN6390 (A) or COL (B) overnight cultures and then analyzed by SDS-PAGE. Sizes of protein standards
(MW) are indicated to the left of each gel. The indicated proteins were identified by MALDI-TOF analysis. Similar results were obtained for three
independent experiments.

VOL. 73, 2005 ROLE OF HtrA IN STAPHYLOCOCCAL STRESS AND VIRULENCE 567



brane. The profiles of the htrA1 and htrA2 single mutants and
the WT were indistinguishable, suggesting that for this pheno-
type, the absence of one HtrA protein is compensated for by
the other. MALDI-TOF analysis was performed with several se-
creted proteins that were present in the WT strain but absent
from the double mutant. At least three major virulence factors,
which corresponded to 	-, �-, and �-hemolysins (Fig. 2A), were
absent from stationary-phase supernatants of the RN6390 htrA1

htrA2 strain.
The results described above show that the htrA1 mutation

(and the htrA2 mutation in the case of RN6390) affects exo-
protein expression during stationary-phase growth. In RN6390,
the production of several major secreted virulence factors is
abolished by the inactivation of both htrA genes.

Beta-hemolytic activity is abolished in the RN6390 htrA1

htrA2 mutant strain. To confirm the lack of �-hemolysin pro-
duction in the RN6390 htrA1 htrA2 strain, as determined by
MALDI-TOF analysis (Fig. 2A), we tested the RN6390 WT,
htrA1, htrA2, and htrA1 htrA2 strains for beta-hemolytic activity
by using the CAMP test. The CAMP test is based on a syner-
gistic effect between the streptococcal diffused CAMP factor
and the �-hemolysin secreted by staphylococcal strains, result-
ing in a total lysis of sheep erythrocytes (15, 48). The staphy-
lococcal WT, htrA1, and htrA2 strains showed comparable beta-
hemolytic activities on BHI plates containing sheep blood. An
enhanced hemolytic zone was observed in the growth areas
adjacent to the S. agalactiae NEM 316 CAMP-producing strain
(Fig. 3). In contrast, the RN6390 htrA1 htrA2 strain displayed
neither a hemolytic halo nor a lytic clearing zone near the S.
agalactiae growth area. These observations show that the
RN6390 htrA1 htrA2 mutant did not produce active �-hemoly-
sin.

Neither HtrA1 nor HtrA2 is directly involved in Nuc pro-
cessing in the RN6390 and COL strains. The S. aureus Nuc
protein is synthesized as a preproprotein that is exported after
peptide cleavage to generate the active pro-Nuc (or NucB)
form. NucB undergoes secondary processing, giving rise to a

smaller, active NucA form (9). In vitro studies have shown that
the secreted staphylococcal V8 protease is able to cleave the
pro-Nuc form to generate NucA (10). Nevertheless, the pro-
tease involved in Nuc processing in vivo is unknown. With the
food bacterium L. lactis, it was shown that HtrA could mediate
NucB cleavage to generate the NucA form (35, 43). It was also
found that in an L. lactis htrA defective strain, high-level ex-
pression of the S. aureus HtrA1 protein allowed the processing
of NucB to NucA (albeit inefficiently) (45). To determine
whether HtrA1 and/or HtrA2 is involved in Nuc processing in
the S. aureus natural host, we extracted supernatant proteins
from overnight cultures of WT RN6390 and COL and their
htrA mutant derivatives and analyzed them by Western blotting
(Fig. 4). Higher levels of Nuc were detected in strain COL than
in strain RN6390, as reported previously (55). In WT COL,
Nuc was present predominantly in the unprocessed NucB
form, possibly because of lower levels of the major secreted
proteases (including V8) in this strain (26). This observation
led us to consider that V8 and/or other major secreted pro-
teases are involved in Nuc processing in vivo. The amounts of
NucA in WT COL and all of its htrA mutant derivatives were
similar, suggesting that neither HtrA1 nor HtrA2 is directly
involved in Nuc processing in this strain. In WT RN6390, both
the NucB and NucA forms were detected. In this background,
a markedly smaller amount of NucA was detected in the dou-
ble mutant than in the WT or the htrA single mutants (Fig. 4).

Regarding these results, two hypotheses are conceivable: (i)
both HtrA1 and HtrA2 are involved in Nuc processing in
RN6390 but not in COL or (ii) HtrA1 and HtrA2 affect Nuc
processing indirectly. We favor the second hypothesis, based
on our observations that compared to WT RN6390, the htrA1

htrA2 mutant secreted fewer proteins (Fig. 2A) and displayed
reduced extracellular proteolytic activity levels (including the
V8 activity level), as tested by zymogram assays (data not
shown).

The results described above led us to suggest that neither
HtrA1 nor HtrA2 is directly involved in Nuc processing in
either staphylococcal strain. In strain RN6390, the HtrA1 and
HtrA2 proteins may contribute indirectly to Nuc processing,
i.e., by modulating the expression of secreted proteases.

Disappearance of agr RNA III transcript in RN6390 htrA1

htrA2 strain. The results described above (Fig. 2, 3, and 4)
suggest that in the RN6390 genetic background, the produc-
tion of several major agr-regulated secreted virulence factors
(e.g., hemolysins and proteases) (40) is abolished by inactiva-

FIG. 3. Detection of beta-hemolytic activity in RN6390 strains.
Overnight cultures of the RN6390 WT, htrA1 (A1), htrA2 (A2), and
htrA1 htrA2 (A1A2) strains were streaked perpendicularly to a streak of
S. agalactiae NEM 316 CAMP-producing culture on BHI plates con-
taining 5% sheep blood. Vertical streak, S. agalactiae NEM 316; hor-
izontal streaks, S. aureus RN6390 WT, A1, A2, and A1A2. Beta-hemo-
lytic activity was observed around staphylococcal streaks or at the
junction between streptococcal and staphylococcal growth areas. Sim-
ilar results were obtained for three independent experiments.

FIG. 4. Implication of HtrA1 and HtrA2 proteins in Nuc process-
ing. Supernatant proteins were extracted from overnight cultures of
RN6390 or COL WT, htrA1 (A1), htrA2 (A2), and htrA1 htrA2 (A1A2)
strains. Western blotting was performed with an anti-Nuc monoclonal
antibody. The positions of pro-Nuc (NucB) and NucA are indicated.
Commercial S. aureus NucA was used as a control (Ctl). Similar results
were obtained for three independent experiments.
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tion of both the htrA1 and htrA2 genes. We asked whether this
loss of secreted virulence factors was due to a reduction in the
amount of the agr RNA III transcript. To test this, we per-
formed Northern blotting experiments, using an RNA III-spe-
cific fragment as a probe, with total RNAs extracted from the
RN6390 WT, htrA1, htrA2, and htrA1 htrA2 strains and from an
RN6390 agr mutant (RN6911 [39]) which was used as a nega-
tive control (Fig. 5). In contrast to the case for the WT and the
htrA1 and htrA2 single mutants, no transcript corresponding to
the agr RNA III molecule was detected in the RN6390 htrA1

htrA2 extract.
These results show that in the RN6390 context, inactivation

of the htrA1 and htrA2 genes abolishes agr RNA III accumu-
lation. We speculate that the staphylococcal HtrA proteins are
involved in the regulation of secreted virulence factor expres-
sion via the agr system.

Experimental endocarditis. The possible effects of HtrA1

and/or HtrA2 in staphylococcal virulence were examined in the
RN6390 (Fig. 6) and COL (data not shown) contexts by use of
a rat model of endocarditis. The lowest inoculum producing
endocarditis in �50% of animals was determined to be 104

CFU for the RN6390 and COL WT strains. With this inocu-
lum, the numbers of infected aortic and blood tissues in rats
challenged with WT RN6390 or either htrA single mutant were
larger than those for rats that were challenged with the htrA1

htrA2 mutant, although the differences were not statistically
significant (Fig. 6). All spleen cultures were positive. However,
differences in bacterial numbers in areas of vegetation and in
spleens were significant when we compared rats inoculated

FIG. 6. Infectivity of S. aureus RN6390 WT and htrA derivative
strains in a rat model of experimental endocarditis. Tests were per-
formed 16 h after a challenge with an inoculum of 104 CFU of RN6390
or its htrA1 (A1), htrA2 (A2), or htrA1 htrA2 (A1A2) derivative. Each dot
in the columns represents the bacterial cell number in the respective
tissue of a single animal. The percentages of infection and the median
bacterial cell numbers in infected tissues are indicated at the bottoms
of the columns. *, P value of �0.05 versus all other groups.

FIG. 5. Northern blot analysis of RNA III expression in WT
RN6390 and its htrA mutants. Total RNAs were extracted from late-
exponential-phase cultures of the RN6390 WT, htrA1 (A1), htrA2 (A2),
htrA1 htrA2 (A1A2), and agr (negative control) strains. One hundred
micrograms of total RNA from each strain was analyzed by Northern
blotting with an RNA III-specific probe. The position of RNA III is
indicated by an arrow. Results from two experiments were identical.
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with the RN6390 htrA1 htrA2 mutant to those infected with the
WT or either single mutant (P � 0.05). The finding that rats
challenged with the RN6390 htrA1 htrA2 mutant had lower
rates of aortic and blood infection combined with significantly
lower bacterial densities in infected tissues suggests that at
least one of either HtrA1 or HtrA2 is essential for the infection
and survival of S. aureus RN6390 in this model. In contrast, no
significant differences were observed between WT COL and its
htrA1, htrA2, and htrA1 htrA2 mutants, either in infectivity or in
bacterial numbers in infected tissues (data not shown), indi-
cating that htrA genes are not involved in S. aureus COL
virulence in this animal model.

DISCUSSION

The surface protease HtrA is implicated in the virulence of
many gram-negative (4, 8, 24) and gram-positive (23, 25)
pathogens. S. aureus encodes two HtrA homologues, HtrA1

and HtrA2. For this study, we tested the effects of inactivating
the htrA1 or htrA2 gene or both in two genetically different
virulent S. aureus strains. Our results indicate that the roles of
HtrA proteins differ between these strains. In RN6390, HtrA1

is needed for puromycin stress resistance, suggesting that it has
a role in eliminating truncated proteins. Both HtrA1 and
HtrA2 participate in virulence in a rat model of endocarditis.
Their implication in pathogenicity likely results from their role
in the expression of several major secreted virulence factors,
including hemolysins, which are responsible for bacterial dis-
semination. In COL, the HtrA1 and HtrA2 proteins are both
needed for growth at high temperatures. The inactivation of
only htrA1 had a slight effect on extracellular protein expres-
sion. htrA mutations in COL had no consequences on virulence
in a rat model of endocarditis. Thus, despite the need for HtrA
proteins under stress conditions, they do not seem to contrib-
ute to S. aureus virulence in the COL background. A similar
observation was recently reported with respect to S. aureus clp
mutants, for which the contribution of Clp proteins to patho-
genicity was suggested to be separable from their role in stress
tolerance (14). The differences between the RN6390 and COL
strains with respect to htrA genes may reflect differences in the
regulation of virulence factor and stress protein expression.

In contrast to RN6390, the virulent COL strain has an active
�B pathway (29, 55), which is involved in heat shock, oxidative,
and acid stress responses (6). However, no �B consensus se-
quences were identified upstream of the htrA1 and htrA2 gene
sequences. Moreover, the amounts of HtrA1 and HtrA2 were
similar in the two strains, as observed by Western blot exper-
iments with anti-HtrA1 and anti-HtrA2 antibodies (data not
shown). These observations suggest that �B does not control
htrA1 and htrA2. Differences in htrA roles in COL and RN6390
may reflect differences in the stress protein requirements of the
two strains.

During stationary phase, the expression of secreted proteins
is affected by htrA mutations in both S. aureus strains, but in
different manners. For COL, slight differences in secreted pro-
tein profiles were observed between the htrA1 and htrA1 htrA2

mutants and the WT, indicating a possible role of HtrA1 in
exoprotein expression. For RN6390, the amounts of several
secreted proteins were severely reduced in the htrA1 htrA2

double mutant, but not in either htrA single mutant, suggesting

that the absence of one HtrA homologue can be compensated
for by the other. We initially considered that the differences in
exoprotein expression profiles for both strains could have re-
sulted from a direct role of HtrA1 or HtrA2 in the processing
of secreted proteins, as observed in L. lactis (43). If this were
the case, we would expect an accumulation of precursor pro-
teins in the cell fraction, which was not detected. Furthermore,
Nuc processing in the COL background was not altered by htrA
mutations, as the same small proportion of NucA was observed
in all strains. These results suggest that the HtrA1 and HtrA2

targets are possibly not the secreted proteins that are affected
in htrA mutant strains.

The secreted proteins that were missing from the RN6390
htrA1 htrA2 mutant corresponded to virulence factors such as
toxins (	-, �-, and �-hemolysins) or secreted proteases. These
virulence factors are positively regulated by the quorum-sens-
ing agr system, which is a global regulator of virulence factors
in S. aureus (40). No �-hemolytic activity (tested on horse
blood-BHI-agar plates [data not shown]) was detected for the
RN6390 htrA1 htrA2 mutant; �-hemolysin is a direct product of
agr RNA III, which regulates the agr-dependent expression of
genes encoding virulence factors (41). Moreover, we showed
that the agr RNA III transcript was not present in the RN6390
htrA1 htrA2 strain. We propose that HtrA1 and HtrA2 are
involved in controlling the expression of these secreted viru-
lence factors by acting upstream in the agr system regulatory
pathway. Interestingly, the cytoplasmic Clp proteins, which
form a stress proteolytic complex, have also been implicated in
the control of S. aureus virulence via the agr system (14). In the
case of HtrA, our results point to a role for HtrA1 and HtrA2

in the folding or processing of some surface components of the
agr system. A recent study with Streptococcus pneumoniae im-
plicated HtrA in natural competence through its role in the
folding of crucial component proteins of the competence path-
way (23). The competence of S. pneumoniae is controlled by a
quorum-sensing system that operates in a manner analogous to
that of the S. aureus agr system (34). The similarities between
these observations will be valuable for validating our hypoth-
esis.

We showed that HtrA1 and HtrA2 are involved in the viru-
lence of S. aureus RN6390 in a rat model of endocarditis,
whereas no differences were observed between the WT and
htrA mutant strains in the COL context. This can be explained
if HtrA1 and HtrA2 are involved in the agr regulatory pathway
of secreted virulence factor production, as proposed above.
Since no or only slight differences were observed in both cel-
lular (data not shown) and exoprotein profiles between WT
COL and its htrA mutants, it is not surprising that virulence
was unaffected. Like the RN6390 htrA double mutant, an
RN6390 agr mutant was affected in hemolysin activities and
attenuated for virulence in a rabbit model of endocarditis (7).
We speculate that the virulence of strains such as COL, in
which the main factors regulated by agr are produced less, may
be less affected by the htrA mutations than strains in which agr
plays a major role.

The contribution of the HtrA1 and HtrA2 proteins to the
virulence of S. aureus RN6390 seems to result mainly from
their involvement in host tissue invasion rather than from a
role in the ability of the strain to infect (Fig. 6). In the rat
model of endocarditis, the capacity of S. aureus to infect is
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mainly due to its ability to adhere to damaged cardiac tissues
(36, 44). It would follow that the HtrA1 and HtrA2 proteins are
not involved in the expression of surface determinants that
promote endocarditis. Among them, adhesins such as fibrino-
gen- or fibronectin-binding proteins are needed for bacterial
adherence to damaged cardiac valves (36, 44). We observed no
significant differences between WT RN6390 and its htrA mu-
tant strains in adherence in vitro to human fibrinogen- or
fibronectin-binding proteins (unpublished data), which is con-
sistent with the above hypothesis.
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France) for providing the pMAD plasmid used for mutant construc-
tions, to H. Ingmer (Royal Veterinary and Agricultural University,
Frederiksberg, Denmark) for providing strains, and A. Guillot and C.
Henry (INRA) for MALDI-TOF analysis. We thank O. Chesneau
(Pasteur Institute) for advice on S. aureus experimentation. We thank
E. Durant, Y. Yamamoto, P. Gaudu, and P. Serror (all from URLGA)
and D. Llull (Centro de Investigaciones Biologicas, Madrid, Spain) for
stimulating discussions during the course of this work and Y.
Yamamoto for his suggestions concerning the manuscript. We thank
M. El Karoui (URLGA) for her support and encouragement during
this work and P. Regent for the photographs.

C.R. was a recipient of a doctoral training grant from the region of
Ile de France and from INRA.

REFERENCES

1. Alba, B. M., H. J. Zhong, J. C. Pelayo, and C. A. Gross. 2001. degS (hhoB)
is an essential Escherichia coli gene whose indispensable function is to pro-
vide �E activity. Mol. Microbiol. 40:4323–4333.

2. Arvidson, S. 2000. Extracellular enzymes, p. 379–385. In V. A. Fischetti et al.
(ed.), Gram-positive pathogens. ASM Press, Washington, D.C.

3. Bohach, G. A., and T. J. Foster. 2000. Staphylococcus aureus exotoxins, p.
367–378. In V. A. Fischetti et al. (ed.), Gram-positive pathogens. ASM Press,
Washington, D.C.

4. Boucher, J. C., J. Martinez-Salazar, M. J. Schurr, M. Mudd, H. Yu, and V.
Deretic. 1996. Two distinct loci affecting conversion to mucoidy in Pseudo-
monas aeruginosa in cystic fibrosis encode homologs of the serine protease
HtrA. J. Bacteriol. 178:511–523.

5. Bronner, S., H. Monteil, and G. Prevost. 2004. Regulation of virulence
determinants in Staphylococcus aureus: complexity and applications. FEMS
Microbiol. Rev. 28:183–200.

6. Chan, P. F., S. J. Foster, E. Ingham, and M. O. Clements. 1998. The
Staphylococcus aureus alternative sigma factor sigmaB controls the environ-
mental stress response but not starvation survival or pathogenicity in a
mouse abscess model. J. Bacteriol. 180:6082–6089.

7. Cheung, A. L., K. J. Eberhardt, E. Chung, M. R. Yeaman, P. M. Sullam, M.
Ramos, and A. S. Bayer. 1994. Diminished virulence of a sar/agr mutant
of Staphylococcus aureus in the rabbit model of endocarditis. J. Clin. Investig.
94:1815–1822.

8. Cortes, G., B. de Astorza, V. J. Benedi, and S. Alberti. 2002. Role of htrA
gene in Klebsiella pneumoniae virulence. Infect. Immun. 70:4772–4776.

9. Davis, A., I. B. Moore, D. S. Parker, and H. Taniuchi. 1977. Nuclease B. A
possible precursor of nuclease A, an extracellular nuclease of Staphylococcus
aureus. J. Biol. Chem. 252:6544–6553.

10. Drapeau, G. R., Y. Boily, and J. Houmard. 1972. Purification and properties
of an extracellular protease of Staphylococcus aureus. J. Biol. Chem. 247:
6720–6726.

11. Fitzgerald, J. R., S. D. Reid, E. Ruotsalainen, T. J. Tripp, M. Liu, R. Cole,
P. Kuusela, P. M. Schlievert, A. Jarvinen, and J. M. Musser. 2003. Genome
diversification in Staphylococcus aureus: molecular evolution of a highly
variable chromosomal region encoding the staphylococcal exotoxin-like fam-
ily of proteins. Infect. Immun. 71:2827–2838.

12. Fouace, J., and V. Ferre. 1973. Transduction in staphylococci: changes in
lysotype observed in group 3 strains after the acquisition of a number of
antibiotic resistance factors. Ann. Microbiol. 124:381–392.

13. Foucaud-Scheunemann, C., and I. Poquet. 2003. HtrA is a key factor in the
response to specific stress conditions in Lactococcus lactis. FEMS Microbiol.
Lett. 224:53–59.

14. Frees, D., S. N. Qazi, P. J. Hill, and H. Ingmer. 2003. Alternative roles of
ClpX and ClpP in Staphylococcus aureus stress tolerance and virulence. Mol.
Microbiol. 48:1565–1578.

15. Gase, K., J. J. Ferretti, C. Primeaux, and W. M. McShan. 1999. Identifica-
tion, cloning, and expression of the CAMP factor gene (cfa) of group A
streptococci. Infect. Immun. 67:4725–4731.

16. Gibson, T. J. 1984. Ph.D. thesis. University of Cambridge, Cambridge, En-
gland.

17. Glaser, P., C. Rusniok, C. Buchrieser, F. Chevalier, L. Frangeul, T. Msadek,
M. Zouine, E. Couve, L. Lalioui, C. Poyart, P. Trieu-Cuot, and F. Kunst.
2002. Genome sequence of Streptococcus agalactiae, a pathogen causing
invasive neonatal disease. Mol. Microbiol. 45:1499–1513.

18. Goldberg, A. L. 1972. Correlation between rates of degradation of bacterial
proteins in vivo and their sensitivity to proteases. Proc. Natl. Acad. Sci. USA
69:2640–2644.

19. Heraief, E., M. P. Glauser, and L. R. Freedman. 1982. Natural history of
aortic valve endocarditis in rats. Infect. Immun. 37:127–131.

20. Hiramatsu, K. 2001. Vancomycin-resistant Staphylococcus aureus: a new
model of antibiotic resistance. Lancet Infect. Dis. 1:147–155.
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